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Abstract: Natural products are important sources of drug discovery. However, the traditional methods of
extraction and isolation, as well as chemical synthesis for obtaining natural products are associated with issues such
as operational complexity, high costs, low efficiency, and environmental pollution. Constructing microbial cell
factories through synthetic biology methods to produce medicinal natural products has the advantages of high
efficiency, low cost, and environmental protection. Nevertheless, the scope and yield improvement of the products
are limited by the limitations of enzymes in microbial cell factories. Protein engineering is considered one of the
most effective approaches to overcome these limitations. This article introduces commonly used methods of protein
engineering technology and summarizes its specific applications in improving enzyme performance, modifying the
enzymatic environment, and promoting the development of synthetic biology tools in the field of pharmaceutical
natural product synthesis. Furthermore, it analyzes the current bottlenecks and challenges in protein engineering
and looks forward to its future application prospects, offering insights for the development and practical use of
protein engineering technology.
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Figure 1 (A) Random mutation based on error prone PCR; (B) Random mutation based on DNA shuffling
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Figure 2 (A) Protein engineering based on rational design; (B) Protein engineering based on de novo design
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Figure 3 Improve enzyme performance through protein engineering. (A) Natural catalytic reaction; (B) Improve catalytic efficiency; (C)

Improve product regioselectivity; (D) Broaden substrate range; (E) Improve substrate specificity; (F) Improve product specificity; (G)

Improve product promiscuity
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Figure 4 Structures of medicinal natural products or pharmaceutical intermediates. (A) Pyridoxine; (B) (+)-Nootkatone; (C) L-Carnosine;
(D) m-Alkylbenzene-1,4-diols; (E) Astragaloside III; (F) Astragaloside 1V; (G) Isoastragaloside II; (H) Cyclocephaloside II; (I) Hydroxytyro-
sol; (T) (285)-Naringenin; (K) (25)-Eriodictyol; (L) (25)-Hesperetin; (M) A’-Tetrahydrocannabinol; (N) Cannabidiol; (O) Gamma-aminobutyr-
ate; (P) Glucosamine; (Q) a-Ketoglutarate; (R) 2-O-a-D-Glucosylglycerol; (S) Chondroitin sulfate A; (T) Simvastatin; (U) Lovastatin; (V)

p-Carotene; (W) Salidroside; (X) Baicalein; (Y) Scutellarein; (Z) Violacein
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215 RS pHALENMM  FIH A R IE 1) B £
T 2 40 B B R AR W B OB AR I, B T OV I T 1
IEFEVESE B BRIt Ah, I8 1% T B -1 3 A A 1,
BIVFi  2H H F PR 5 2 15 2 i P oo OB SR Y. 4 TE
BRIRVEF 1 (Corynebacterium glutamicum) A7 p-
% 3L T R (gamma-aminobutyrate, GABA, & 40) i, 3k
5T R o TR 1 4 20 IR Tt 2 18 1Y) B0 [ B pHL o 4.5,
AR EIRAT R AR AKSEpH N T. N T fE
PeIX — i) {1, Choi %R & B CREROR, dlid 25k
1 SR I 2 T 1 C i X 350 F 5] N E89Q (1) A SR SR it
AT AR WA B (1) pH AW 4T, %15 2 BR Mt 2 g R AR Ak m]
ER SR B P S Rk, 240 it K %, GABA
FEEN38 g L.

B 7 O BE—1E A, 18 7 O DR R I
PR AN ORF P2 W RS R 1) B il pHL 2 TR] R X0 o 2 2 i
B (glucosamine, GIcN) (& 4P) s —Ff KR (I 7K 7 1k B
B, BeAs B AN CRI R 241, RSB i AR, (R
BE TR il AR AL, R N- 2T S 5 A
(N-acetylglucosamine, GleNAc) 1f N1l % GleN, iX
— AR FOR R B AL sz B2 k. R
P58 K K ER B (Pyrococcus horikoshii) 1)L T —
P M £ LB PhDac % GleNAc B2 A il B iE M, Hiod
M EN 75 °C, e idi pH{E 9 7.5, {H GleN {E pH Ik T- 4.8
B A fe R FE R e, H & iR 23 NI GIeN B B fig . DU,
Huang %658 J6 i 108 s 7548 75 21 7 AL 0 12
fe 2.2 5 [ SEAE AR M14, SCd it 3 1T FEL A 42 1 >R B AR
M14 #8538 pH, fix 2 3R 45 1) F A2 4& M20 #523d pH [ 2
6.0, TE1% pH 25 18 N CREF I =1 I i AL 026, e 2445 pH
6.0 I E 40 °C2% £ 1, GIeNAc # 4k Ay GleN [ 4k %
N 94.7%. Z4E R E T PhDac AR, (2 T
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HEW) A I GLeN 78 LA = A g i o

BRI A (glutamate dehydrogenase, GDH) fi
b -5 AR AN B R E R o-BA T — 82 (B 4Q), R %
oL F B ok 5 1 23 2R i &0 BsGDH B AT A AL AL i
R Ti) 9% e, e 35 R UL B2 43 1) Dl 60 °C R 65 °C, i id
A pH 73 3 24 8.0 F11 7.5, {HAE 59584 58 (pH 7.0~
8.0) %M fa & M % . ¥ % BsGDH 7E 4k & 1 a-
i T R N FH R 2 e, Wi 25 0TIRE 2R R T LA
TR, SHZEEHEAT 70 T o, DL LR AL 5 pH I
ZHABEEE S S WERN A s
Wtk 7 AN RAR LA 5, 45 B B IR RAIRNI6D Al
K218D AL 1 2R & % o [ — R 1 563 pH FH 8.0
W2 7.0, I HAE pH 7.0 2548 N B 14 LU BT A= 24 43 ) 2
2.9 /5 A 5.4 4%, B h ¥ BsGDH i i 4k pH JE B T
VA A HRa s R pHYE L, Al i AR A Tl ik
A7 o-BA G R BEE T A . mUk Rl L, @ R AR T
FE ARG H 5 1S4 PF i pH T3 v FL A A vE 1
S A& BT R PR 2 RAR I R
2.1.6 REEINEEAENM  E VAP
B R = R A R, R SR 5 5 SO R AR
JiE, IR 5 AR AT AR s M Y SR RO H e A
B (2-0-a-D-glucosylglycerol, aGG) (& 4R) /& —
AN 23 P A ) R 23 e W B I R T R
— R A A, S Aot i R B ORI )
TRIFIBIE Y B A A S R W B TR L i —
PG R, Y 110 I 0 L 7 AR R R A B 324k 1
(RBP4 R0 3 TR A il B AT AR AR I e . R4
e B E P, Yang S5EOSR F oF B 1T 1R O 20k
i 156 SEALAA . 7E 50 °C T P 58 Bk 42 g i 14k 3R A id #41E
HTE 1 1 1 98 A8 4K V23L Al S424R, M Ak #Y 2 T
V23L/S424R 4 BYTARAR, PR M R B A R 245
TE A0 T W Tl T s T e A R0 9l 7 A i 88 67
10 S B 25 R J5, 988 M V23L/S424R X 1 Bl 11 #4510
R EZE 76.3%, I T aGG R K FA e

i FR 7 25 A (chondroitin sulfate A, CSA) (¥ 4S)
A& HCE RIE RN T A A R, B
Tz F T ) g REY R T e g TR K e kB Y,
M HRERA. R, BT E R EZRT 55t
1) B 2 ik it A PAPS AR S B % #2511 (CHST11).
Liu R HEFHH M EAR TREEAR, &5 7T
CHSTI11 (¥ #4 A2 8 VA A 35, (3L 7 (E A 22 1
S RIARE T 6.9 °CH 3.5 h, ELIE TR T 2.1 1%, IFiE
IR RSB ARSI T CHSTI1 (AR L, T
FALEE N 89.5% I CSA LR R . XA T Z N
CSA I Tl AL Az = $2 4t 7 — FR AR A BT 1) 7% ¢

FRABYT (BT 4T) A& —Fofr 30 282 10 80 L 2 24547, — Mo ok
A 27 8% AE W 5 v B HR TE] AR monacolin J #4611 3R, 1 A
8] 44 monacolin J X H ¥& A% Ath VT 7K fi# B PcEST 7K fif i
RABTT (B 4U) M43 3, Liang ZE@ o 45 7 43 #7 x H
HAITEAM CRESE, 538 7 — MG E B m
PcEST RAZK D106A, B 1 il id 2 F 5 L% & i
TEARAYT K fi# Bl PCEST 78 < AR VT Tk Ak A4 77 07 T A
EEE NI A

I A T R v I ) AR AN R R
RETE B =i B AR I AT RAR P2 A Wi Ak, B
e it JEE 3 W] DAAS R 93+ B S = B 30 ) S Re B AT B
AR RS AL 2, T EL I A AR e MR v S R BLAE B
BRI IR FE N AT SOSE, AT I AN TR (1) T2 K,
AR T8 245 L R IR P A W) 6 B A 72 AR
2.1.7 ERBESMRMS YNGR EE YR
J5E ) 2 Wl AR AL 2 —, P 2 RUDP IR
e VAR B PR JEC A B A A ), X AR Il I A T
AR EEESG 2 —. Hitd@EdEH
Jo7 A ek /b BT B T — LS ) R A S A AR
IF T Tt TV 2 25 R AR =M K AR o

Sephanopoulo ¥ #1207 A WL, ) FH A i HIS 1K 1 B
(Yarrowia lipolytica) W4 B p-HHE & (KE14V) I,
JER A 7 i 40 3 %) B A 4L R PR B B A BR ) 1 B
MR N T S IRIX — LB, A A i 25 8 5
M A TSR T —ANRAEY27R, HAFHZIEY
i) BOREF 7 B vE v, JEas A AQUE 2 0 R, 18 B-#H
&N R EICVIGE E RIS T 1 44115

B- AR R IR K T 5 1 — PP R B 2
MR, — B L- R & AR -a- i REE (L-aspartate-
a-decarboxylase, ADC) # {1t L- K & & FR IR A 1k -5
AR SR, KIE T 2R B 1) ADC 7E R ) L-K
A F IR LR T, ARV RG2S KA TRY)
), IX PR T - E BRI . Wang & ER F epPCR
JIE RS RAT S E, N2 000 N RAZES 22 SR AS AN =
3 P 9¢ A8 1K B #k panD-56 (ADCRI12V) Al panD-134
(ADCQI17A). &5 R EIR, 2 L-RERRIKEIEF]
100 g- L' i, 1 Pk panD-56 (1) 7 5 Eb B A= 78 757 1Y 125%,
RO DN IRAF R LM, 1% R AL AR B AT IR 5 1) T
M AE DAL AR 7= B- TR R S I T

3-8 B8 -BeT iz A B A B -7-% R (3-deoxy-D-arabino-
heptulosonate-7-phosphate, DAHP) & B /& 3¥ 5 R i& 12
)3 — N B I, 32 B R Uit M I R R T &
PR S A ], AT PR T 2R B R A (R B & o R
1% B p A7 7E 15 > DAHP & i : Aro4 A1 Aro3, 73 il %2 %]
P S I R R T R 11 SR s 4 1] . Lo FT AV 1ot 25 (1
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Ji TAEA3 5] T Aro3 () D154N KA, H AL A A2 iR
IR TR B R 1) RS, i 2 IA D154N RAS A H] B 2 42
e B R IR R RIS A ARG B . X — AR B S i 5%
AR HEE A 22 A AR A B 1) DAHP 4 B I e A7
RRR SR FL R AN o 555 AE B D15SAN AR FH T
P 2R A1 55 R (L 4W) IR AR P AR 7, T T N 40 55
KPR B E T 29.1% F143.6%, LH L4 5 RKH
M7= EIA $] 2.4 gL, /& 3% R B Hh 4R 18 1) 8¢ i K P,
FROT TN T IR PR AR SR TE Tl AR = AR R T
2.1.8 REESEmIAAMRIAKE RadgmrhmEn
JR AT B AT v g ) TR Rk, B B T BRI E )
MR A R CRE E 1T E A P9 4T B 1) 3 145 B A f
FH 107 2 2 A 4 i A KRR (A R IA 441, B A K
WRE 5 T IE] LS 27 R B 5 T R R R A R A
A F U, AR G T R AR A AN 2 DK R TRV AR P AR
e B It T R BE, 3 A R Ay Il R A 1 o AT 98 32 31 R 4R
FF BRI BRI o PR, J8 e A 1 o T AR R SO I T
PR IK R — Pl HAT BRI 75 kY

LovD J& — M 7E i A% Mh VT A= 4 4 & 42 v R B 1

M B i # By, 72 K AT B b SR R AR, — 2 B B R
15 AL A T R AFALE, X FEARS T B4 KAt A A i
AT . Xie Z77E LovD "R BL T BIAN K 1 5
#& 1] Cys40 Fll Cys60 5% 3, & A117E 5 1) — i 8 AN 2 1%
B ¥ 14 BT 00 55 1), R X PR AU T RS, B T
B IV AR N A A A ) A R M, IR C40A
AT COON ZRAZ 3 7l A4 A L M AL V5 P39 0 27 % 1 26%

25 W T 2 — P SRWE IR R K AR I, 1T LUK S K
fiff SRR R T BB A S M SE R . Yadid YRR H
1) 30 L 5 2 W i 1) R IA R RS M, 15 B 1 R AR R
(0 R M R I B U B AR YRR = TS A%, A SRR
M Tk A P2 B8 5 1 Al . o T RRE AT DAER S B A R
(4T, TR S M AL Ak 20 T AR A8 1 R At AT BA{E
BEHFRE AT A TE R L . Wang 25738 i DNA B 40
FARB R T 2> 7 HE15 GroEL/S [ R A8 1k, X L6 R 28 {4
BT A & R Ak P, a7 DUk B AL B B AT & O T
BHERIL.

bl NS -Gl = T D O

34-40,43-45,48,50,52,54,56,57,60,64,65,67-69,72-74
IJ_IL % 1 [ E 148,50,52, ] R

Table 1 Examples of improving enzyme performance through protein engineering

Application Chassis  Enzyme Substrate

Product

Mutation Result Ref.

Improve the E. coli PdxA,
catalytic PdxJ
activity of

L-threonine, 3-
phosphohydroxy-1-

enzymes aminoacetone

S. CnVS

cerevisiae

Farnesyl Valencene

pyrophosphate

E. coli

SmpepD  f-Ala, L-His

S. ERG7

cerevisiae

2,3-Oxidosqualene

Changing the  E. coli P450BM3 m-Alkylphenols
regioselectivity diols
of enzymes

towards

substrates

4-Phosphohydroxy- Pyridoxine

L-Carnosine

Lanosterol

m-Alkylbenzene-1,4- R471/A82F/A328F, R47L/

PdxA2 (H136N), PdxJ1
(E104T/1218L/G194C)

Using two mutants [34]
combined with metabolic
engineering to construct an
engineering strain, the
production of pyridoxine

was increased to 1.4 g-L™

The production of (+)- [35]
nootkatone in the strain

M560L

constructed by utilizing
mutants and combining
with metabolic
engineering increased to
804.96 mg-L"!
T168S/G148D A strain was constructed  [36]
using this mutant and
transporter engineering,
resulting in an increase in
the production yield of L-
carnosine to 133.2 mmol-L"
F699T, I705K Replacing wild-type [37]
ERG7 in yeast with
mutants with reduced
activity reduces lanosterol
production and indirectly
increases triterpenoid
production
Coexpression of mutants ~ [38]
Y51F/F87V/L188P/1401P, and cofactors in E. coli
R47I/YS1F/F87V, R4TL/ and biocatalysis for
YS51F/F87V/L181Q/L188P/ efficient synthesis of m-

1401P, R471/F87V/L188P alkylbenzene-1,4-diol
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Continued
Application Chassis ~ Enzyme Substrate Product Mutation Result Ref.
— AmGT8 Cycloastragenol, Cycloastragenol-3/6- A394F, T131V, P192E By combining different [39]
UDP-Glu O-glycoside, mutants and utilizing
cycloastragenol-3- different glycosyl donors,
(2'-O-glycoside)-O- it synthesized the main
glycoside saponin component,
astragaloside 11T and IV
— AmAT7-3 Astragaloside IV, Isoastragaloside II,  A310G, A310W Specific C3'-0 and C4’-O  [40]
UDP-Xyl cyclocephaloside II, acetylation of
C3',C4'-0 acetylated astragaloside IV was
astragaloside IV successfully achieved
Changing the  E. coli HpaBC  Tyrosol Hydroxytyrosol — Mutant HpaBC can [43]
substrate range simultaneously catalyze
of enzymes tyrosol/tyramine
hydroxylase, significantly
improving the efficiency
of hydroxytyramine
biosynthesis
E. coli DEBS (25,3R)-3-Hydroxy- (4S,5R)-3-Ox0-2,4- — A novel polyketide [44]
2-methylpentanoic ~ dimethyl-5-hydroxy- compound was
acid-SNAC heptanoic acid-D- successfully synthesized
thioester, lactone
methylmalonyl-CoA
E. coli MpOMT (25)-Naringenin, (2S)-Eriodictyol, S142V The mutant S142V can [45]
(28)-eriodictyol (25)-hesperetin mainly catalyzes (25) -
estrictyl, and its yield
increased to 27.5 mg-L" in
E. coli
Changing the — p-1,3- f-1,3-Xylan Xylose, f-1,3- — Unnatral $-1,3-xylanase [48]
product Xylanase xylobiose, 5-1,3- AncXyl10 hydrolyzes
spectrum of xylotriose xylose and only produces
enzymes f-1,3-xylobiose and f-1,3-
xylotriose without
producing xylose
E. coli AlbC aa-tRNAs Diketopiperazine F186L F186L mutant can catalyze [50]
the synthesis of new
diketopiperazine
molecules that cannot be
produced by wild enzymes
— OAC Malonyl, Pentyltetra-f-ketide- OAC (F24I) OAC and TKS mutants [52]
TKS pentyltetra-$-ketide- CoA, olivetolic acid TKS (L190G) can catalyze the formation
CoA of cannabinoid cores with
linear fatty acyl segments
ofupto 11 Cs
Improving the C. GAD L-Glutamate GABA E89Q and C-terminal Changed the pH [54]
adaptability of  glutamicum deletion preference of glutamic
enzymes to pH acid decarboxylase,
resulting in a GABA
production of 38 g-L" in
C. glutamicum
— PhDac GlcNAc GlcN G74D/H152E/W232A/Q29 Mutant M20 maintains [56]
E/K106E/N176ER221E/ high catalytic efficiency
L271E under low pH conditions
— BsGDH  L-Glutamate a-Ketoglutaric acid ~ N16D, K218D Lowering the optimal [57]

catalytic pH range of
BsGDH to its stable pH
range
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Continued

Application Chassis ~ Enzyme Substrate

Product

Mutation Result Ref.

Improving the — LmSP
adaptability of

enzymes to

Sucrose, glycerol aGG

temperature

E. coli CHSTI11 Chondroitin, PAPS CSA

— PcEST Lovastatin

Relieve Y. lipolytica CarRP Geranylgeranyl
inhibition of pyrophosphate,

substrate or lycopene

product
E. coli ADC L-Aspartic acid

concentration f-Alanine

S. Aro3

cerevisiae

Erythrose 4- DAHP
phosphate,
phosphoenol

pyruvate

Improve the E. coli LovD Monacolin J
soluble

expression of

enzymes

— reTP Inulin

inulooligosaccharides T504M

— GroEL/S — —

Monacolin J

Phytoene, f-carotene Y27R

Simvastatin

Fructose, glucose,

V23L/S424R The half-life of the mutant [60]
at 50 °C is twice that of

the wild-type, and the

sucrose conversion rate is
76.3%
E114D/A159N/P170E/167D/ The T, and half-life of the [64]
L134V/1206T/K218R/S286 mutant were increased by
A/S297D/Y298S/Y304S/ 6.9°Cand3.5h,
A305G/T316A respectively, and a whole

cell CSA catalytic system

with a conversion rate of

89.5% was established

Mutant D106A has better  [65]
solubility and thermal

D106A

stability

The mutant Y27R is no [67]
longer inhibited by

substrates and maintains
enzyme activity

When the concentration of [68]
L-aspartic acid reached

100 g-L"', the mutant yield
remained at 0.45 g-g”, and

R12V

substrate inhibition was

greatly alleviated

The D154N mutant can [69]
effectively alleviate

feedback inhibition of
phenylalanine, and the

D154N

production of salidroside
reaches 2.4 g-L"!

Mutants C40A and C60N  [72]
significantly increased

C40A, C60N

protein solubility, resulting
in a 27% and 26% increase
in catalytic activity
Y128H/A316T/E344K/ The expression level of [73]
soluble enzymes in the
mutant is five times higher
than that of wild enzymes
Mutants of GroEL/S can  [74]

better promote the folding

GroES (Y71H, V26A/Y71
R, V26A/Y71H/V83M ),

GroEL (A145V/D490G, and soluble expression of
A163V/D490G, D188G/ recombinant proteins
M488V)

22 MEBMNERIME

W T s B 0 RE M, BRI RIS AT LN AR
FICAR B (L B A 1) S SRR, (i AR BOSARIEAT
B AR SO TR R — MR 45015 B (& AR T4
HN Sk g5 W 3 75 2% 8] _E 1202 5500 5 I 8 6 i £
o NS RENAYEBROERE T, Mk A i
R I T RE-TLA R A Y TE F e YN 2 B AT B A
P ZRE-T= 26 AN GBI . Ren U481 4H 70 i 5k
FTEA-EAMEAERKEHE, JFR T —MIEER

P B PR TR T 0 RTS8 %7
TR Tl S BT R R T 4B R 3 s A, A S
RE-TI 7= g i 1 2.1 4%

B T e 3% 2 S I il T 2 () AR G S,
F TR A TS 1) 3 2 Il AT A A R R I A N AL
R A JUE R . Wang IRl I B 4H 2 ER N
T ZEE AV RN, X2 R A RS0 LA
IR A 00 J53 A JEE k2> v ] A P Jef B [, B A
AR HhE &, N & 7R R (B 4X) MRS
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(B4Y) fE RT3 7™ & . Wang S5 R L8 )5
CipA 1 CipB 7F & N # B (Photorhabdus luminescens)
2 L 5T T 2 TR B R 4 e R AR, AT DUE D SR A
BHA RO MR B S BRI R
RIAER N RIRLHL, BT FEN B FH CipA R & 1 8RGO
W#R (B4z) EMERER TN Z MY RE BE S
Y. SRR, 5orEUEER T IR AL, TR 2 R
AT AR RO R R R RS, BRI
B IXeeZE LR T T R X R g L
S g ) AR R AR A R T T A D
2.3 RHEARENFIANFL

A LR AR MR L B RE 7 & lAm s L
FHR R, 18 T H G — B 5 7 RAR I L)
B AR B A U S R SRR B L
AypEEREN A, B EARTE, AT EH
oG P 425 K R A0 ARG o R 4 R S, g T ) R
HAFURE AR L E A LR, NERAEY Y TR
HIIF AR St 1ok s

B R AT DL B T R 4 1 AR ) A R S B
OB & AR B 428 . A K ¥ 3 K T (allosteric tran-
scription factors, ATF) J2& 4t & % 5% 1A 7 ) 4% o 11 3 22
ARy, B S5 &R E /N TR R, L RE
i 45 1755 € [ DNA [T 58U DNA _Lf## . RolR 2 —
AR K e s K7, B2 5 18R ey B, & & E e
AL AR . Kwan HIBRT I Y 5 v 3EA0 1 e 30 o
)77 1, TR RolR #E4L 4 REE Xt 2 Bl AN [R] 95 7
A 77 A A S AR A SRR S R AR A . X e TR
PR A= P A IR R AR A0S 22 T S5 AR AR AR AH 52 10
SRV /18 32 St v/ RS S VA R I I S pey
EZRN/ (72 EEE - St ) N Db L VA a3 D)
FFE 73 T 1) ATF, SN 22 i 73 5 10 75 3 A0 400 1 0 52,
PR 7 AR R U b ) A T i AR W A ik A L BRI
R, A RIRF= W6 BRAE) i SR T B BT REAE

A WA IR R B A5 42 )t AT AR B 1 52 I 75 A 75
WAV ED G BE R T . TP B A K AN )
A B, Liang 55"l 1 5 [m) 2E A0 TF & —Flol i) 42 1)
ZRAEVERBERIHEER, ZEANTYEER
A0 RS ] B R 259 A AN [ i 2 RE 7, SR G 5 8k
SNSRI &, RIE T R TE0 A KANE 2 K1
PR, BOR T E AR TR RR Y& R
2 % AT BE A o

A% JE 1, CRISPR-Cas9 5 45 7 5 K 14 ik [ 95 45
T H, RE WM EEERE (Streptococcus pyogenes) 1]
Cas9 &5 H SpyCas9 7F gRNA 148 5 iR A4 & H ix
DNA 741, V1% DNA 7= £ XUEE i34 . SpyCas9 & [117F

H W R 5 T A7 AE R R, R LR S S R AR
135 7 . Rabinowitz VR H & (R LT &,
BEAL T T SpyCas9 [ JUAM i 3% w5 {7 B R A4k, Hop
N692V SEHL T &y i P AR B0 (1) ~F 4T, H LT A2
T BAERE 51 1 DNA 545, 1X — Cas9 5 48 14 75 45 1 2
R 7 A BRI N

T T o B P TR O AR B 1 AT DL A R
A= i AR TR B TR S o T AR R, R
& ATF O A 5 b s i 1 A 4% TR28 1 & 1 7,
DA m S 2R D T R AR RO
3 Gie5RE

gE LRTIR, | AR TREHEORLE 25 F RAR =0 & Ak
AR N BT R R R . KIILOK, 193
SR 2 A R AT P I R SR ) 2 2 AN TR
KA H bR RN ER R S5 R R Th g AT B0, T
DAG) it H LA AR T 1B R B 1, AT S IR 2
RARFEINI R A e X T AR A AT LS T 25
RAIRFEWN B AN, DR 24 1 R 8K 7= 0 0% 0 s A AR
TR N, IS N AR SO TR B A TR

SR, B 0 TR AR AE 245 F KRR & AL
2 eI P 3 T I — 4 6 A5 A ke 16 B Al R ) . 5
un, BT BTG DO T SR S R A AT R
PRI 25 M A 0, 6 2 R R B M BT AR 2
M, SEPREEIEH 2 BB ERTRMRIARNE.
JUE N T8 e AR 1 K J2 U AlphaFold2 (4 1] tH Ay &
FERRBSR AL 7 8, NER (R AR KRR ik
Wy R R SR T — i 4R T, X S VA B
JR PR, R 01 2 TR 6 B OK I B VRS R B A AL &
I, 5 51— 45 A — T g o 243 1 o DAVEE A TN . 4] 5
D b T AN AR &S R AT RE S AT B vy I
A RAIRFEWN A R R B, (7988 A2 75 B I
PRZ I il 5

Ub Ak, R IR o TR W0 2 J7 RN T3 Be 4l B
THE T LA 15 3R R AR 1) 58 A8 SC R AR 25 5, 1B i
T Z AR S v T A T, DR T 4 5 2R S
PEATARFE — A B R . R, T B Rk £
I8 FH B4k 158 FRRE Kb B 2R 45 ) e O A O
DA SE R 9 34 3k P PR R R e TE SR SR R F 9 7
AR R ARHT, Inom 2= R A8 AE, IUEN T8 REf
KRB, H R 3 F i v £ ) @, DLHES) B R T
FEHEARAE 25 FH R AR =96 AR 25 v (0 S R

He 4 Grand View Research, Inc. B — 3 #) £, i
T30 2030 4, T H B T T B E 2] 76.2123%
TG B & AR TREH A M AE &R, o] LTI 7R
25 F R AIRF= W0 6 J A 2 A T 28 3 I 25 U
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BEZ MM B, # - PREEAR TR
K HE RO, K 95 B AW 2 W Fe AN SE B S A 3
AEERE RN TR . LK, S5 N DR RS HT EBOR,
AU B 2 B v AN AR H 5 A S5 R AT R, AT 2

— BRI R IR0 ) 5 AR, IF D9 2T
oK H K BT BT o

W%imﬂ%&
[ = 1P S i
LG

FIE B I EE I AAFAER 2 v

BT SCHR B B BRI AR
FAMEG BR A & BRI R DL 41 51
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